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Abstract 
This paper describes the fracture assessment standards developed in Japan. The outline of ISO 27306 is given, where an 
equivalent CTOD concept is standardized at the same Weibull stress level for the fracture toughness specimen and tension 
components. The equivalent CTOD is implemented into WES 2808 for assessing the fracture performance of beam-to-column 
connections subjected to large dynamic and cyclic strain during earthquake. 
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1. Introduction 
A conventional fracture mechanics assumes that the critical values of K (stress intensity factor), CTOD (crack tip 
opening displacement) and J-integral at fracture initiation in structural components are the same as those of fracture 
toughness specimens. However, such conventional approach frequently results in excessively conservative 
assessment of brittle fracture, which is due to a loss of constraint in structural components. Beremin (1983) has 
invented the Weibull stress as an alternative driving force of cleavage fracture. A number of studies demonstrated 
that the critical Weibull stress at cleavage fracture initiation is a material property independent of the geometry of 
test specimens, which enables the fracture transferability analysis between the fracture toughness specimen and 
structural components. 
On the basis of the Weibull stress criterion, ISO 27306 has been developed in Japan for the standardization of an 
equivalent CTOD ratio, ȕ, proposed by Minami et al. (1999). The CTOD ratio, ȕ is implemented into the Japan 
* Corresponding author. Tel.: +81-6-879-7547; fax: +81-6-879-7570. 
E-mail address: minami@mapse.eng.osaka-u.ac.jp 
 2014 Elsevier Ltd. Open access under CC BY-NC-ND license. 
election and peer-review under r sponsibility of he Norwegian Un versity of Science and Te hnology (NTNU), Department
of Structural Engineeri
338   Fumiyoshi Minami /  Procedia Materials Science  3 ( 2014 )  337 – 343 
welding engineering society standard, WES 2808 for assessing the fracture performance of beam-to-column 
connections subjected to large dynamic and cyclic strain during earthquake.  This paper describes the outline of ISO 
27306 and WES 2808. 
 
2. ISO 27306 
2.1. Equivalent CTOD ratio, ȕ 
The equivalent CTOD ratio, ȕ, is defined as ȕ = į/įWP, where į and įWP are CTODs of the standard fracture 
toughness specimen with a deep crack and the structural component, respectively, at the same level of the Weibull 
stress (Fig. 1).  The structural component at a CTOD level of įWP and the standard fracture toughness specimen at 
the CTOD level of ȕ•įWP are equivalent in terms of the Weibull stress. Note that ȕ is in the range of 0 < ȕ < 1. 
 
 
                           Fig. 1. Equivalent CTOD ratio, ȕ.                                  Fig. 2. Target wide plate components in ISO 27306 under tension. 
2.2. Target structural components 
The equivalent CTOD ratio, ȕ, is standardized in ISO 27306 for four types of components that are regarded as 
wide plates under tensile loading: CSCP (center surface crack panel), ESCP (edge surface crack panel), CTCP 
(center through-thickness crack panel) and ETCP (edge through-thickness crack panel), as shown in Fig. 2. 
2.3. Assessment levels for ȕ 
Three assessment levels (level I, II and III) for ȕ are specified in ISO 27306. The assessment level to be applied 
depends upon the agreement of the parties concerned. The more the information is available, the lower the 
conservatism of the assessment. 
• Level I (Simplified assessment): This is applied to those cases in which the material information required for the 
estimation of ȕ is not fully available. In such cases, ȕ has a default value of 0.5, as an upper-bound 
approximation. 
• Level II (Normal assessment): This is applied to those cases where the mechanical properties and the crack 
geometry in the component are known, but the Weibull parameter m is unknown. Two default (lower-bound) 
values for m are given: m = 10 when įcr, ave  0.05 mm; and m = 20 when įcr, ave > 0.05 mm, where įcr, ave is an 
average CTOD toughness for 25 mm thickness. If the specimen thickness is not 25 mm, the toughness data shall 
be converted to those for 25 mm thickness by the weakest link model. The use of a lower-bound m-value leads to 
a conservative fracture assessment. 
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• Level III (Material specific assessment): This is applicable to those cases where the information for the 
assessment of ȕ is fully known. The Weibull parameter m is determined statistically from a sufficient number of 
fracture toughness data. 
2.4. Nomographs of ȕ 
ISO 27306 provides the nomographs of ȕ0 for CSCP, ESCP, CTCP and ETCP including a reference size of a 
crack. The ȕ0-nomographs for CSCP and ESCP are given for crack depths a = 1, 3 and 6 mm. Fig. 3 shows the ȕ0-
nomographs for CSCP (a = 6 mm), ESCP (a = 6 mm), CTCP and ETCP. It can be seen that ȕ0 decreases with 
increasing YR (= yield strength, ıY / tensile strength, ıT) and with increasing m. These properties are explained in 
terms of 1) the effect of YR on the stress field near the crack tip and 2) a volumetric effect of m on the Weibull 
stress; Minami and Arimochi (2004), Minami et al. (2006). 
The equivalent CTOD ratio, ȕ, depends on the crack size: increasing ȕ with increasing the crack length and depth. 
The formulae are given for the determination of the crack length effect on ȕ; Minami et al. (2006). 
 
   
        (a) CSCP (2c = 40 mm, a = 6 mm)                                  (b) ESCP (2c = 30 mm, a = 6 mm) 
   
        (c) CTCP (2a = 13.8 mm)                                                  (d) ETCP (2a = 11 mm) 
Fig. 3. Nomographs of equivalent CTOD ratio, ȕ0, for wide plates under tension. 
2.5. CTOD toughness correction procedure 
The CTOD toughness correction procedure in ISO 27306 is summarized as follows: 
1) Set the crack type and size in the component being assessed. Give the yield-to-tensile ratio, YR = ıY/ıT, of the 
material, where ıY is the yield strength and ıT is the tensile strength. 
2) At Level II assessment, set a lower-bound value for the Weibull parameter: m = 10 for įcr, ave  0.05 mm and m 
= 20 for įcr, ave > 0.05 mm, where įcr, ave is an average CTOD toughness for the standard fracture toughness 
specimen of 25 mm thickness. At Level III, the parameter m is determined statistically from a sufficient number 
of fracture toughness data. 
3) Determine the CTOD ratio, ȕ0, for a reference crack size. The ȕ0-nomographs for CSCP, ESCP, CTCP and 
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ETCP are provided as a function of YR and m (Fig. 3). 
4) Calculate the equivalent CTOD ratio, ȕ, for the target crack size. 
5) The modified toughness, įWP,cr, of the structural component is given as įWP, cr = įcr/ȕ, where įcr is the CTOD 
toughness of the standard fracture toughness specimen. 
3. WES 2808 
3.1. Scope 
The brittle fracture under seismic loading is characterized by a large amount of plastic deformation prior to 
fracture, pre-strain by cyclic loading and a high strain rate by dynamic loading. A large plastic deformation induces 
a constraint loss in components. Pre-straining increases the yield and tensile strengths, but decreases the material 
fracture toughness. A high strain rate also decreases the fracture toughness with the elevation of the flow stress. 
The Japan welding engineering standard, WES 2808, was developed for steel components under seismic 
conditions.  WES 2808 implements two ideas:  
(a) Reference temperature concept for the evaluation of fracture toughness under seismic conditions. 
(b) Correction of fracture toughness for constraint loss in structural components. 
Structural steels covered by WES 2808 are plates and wide flange sections of 400 ~ 590 MPa strength class. 
3.2. CTOD design curve 
WES 2808 employs the CTOD design curve, specified in WES 2805, for a crack in the strain concentration area: 
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where elocal is a local strain defined as an average strain in the crack area, İY is the yield strain of the material and a  
is the half length of the equivalent through-thickness crack. If the crack of concern is a surface crack or an 
embedded crack, it shall be converted to the through-thickness crack in an infinite plate with the equivalent stress 
intensity factor.  Eq. (1) is applicable to beam-to-column connections deformed up to elocal / İY = 50. 
3.3. Active strain and pre-strain in cyclic loading 
During the earthquake, structural components are subject to cyclic loading. In WES 2808, the strain during cyclic 
loading is divided into the active strain responsible for brittle fracture and the pre-strain deteriorating the fracture 
toughness. Let us assume that a structural component fails at the Nth load cycle. The active strain, e macro, is defined 
by the strain in a positive range of the Nth load cycle. The strain rate, e  macro, is evaluated by the average strain rate 
of the active strain. The pre-strain, İskel, is defined with the skeleton strain concept by Nakagomi et al. (1995), as 
shown in Fig. 4. The skeleton strain is given by the sum of the newly created plastic strain in each load cycle. 
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                        Fig. 4. Active strain and pre-strain in cyclic loading.                         Fig. 5. Reference temperature concept in WES 2808. 
The pre-strain, İpre, and the strain rate, e  local, are evaluated in a local area of potential fracture site. These are 
calculated from İskel. and e  macro with the strain concentration factor, Kİ as 
İpre = Kİ•İskel,  e  local = Kİ• e  macro                                                                                                                       (2) 
Typical values of Kİ for beam-to-column connections are given in WES 2808. 
3.4. Reference Temperature Concept 
During the earthquake, structural components are subject to pre-strain and dynamic loading simultaneously, both 
of which decrease the fracture toughness. WES 2808 employs a temperature shift concept for the evaluation of the 
fracture toughness under seismic conditions, as shown in Fig. 5: Fracture toughness at the service temperature, T, 
under seismic conditions is replaced by the static fracture toughness of the virgin steel without pre-strain at a 
reference temperature of T - ǻTPD , where ǻTPD  is a temperature shift of the fracture toughness caused by pre-strain 
and dynamic loading. The temperature shift, ǻT PD, is given as a function of the elevation of the flow stress, ǻıfPD: 
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where ǻıY and ǻıT are the increase in the yield strength and tensile strength by pre-straining/dynamic loading. 
Formulae are given in WES 2808 for estimating ǻıY and ǻıT from the static ıY and ıT of the virgin steel. 
3.5. Correction of CTOD toughness for constraint loss 
WES 2808 corrects the CTOD toughness for constraint loss in the form: įcr, Struc. (T ) = į cr (T - ǻTPD) / ȕ, where ȕ 
is the equivalent CTOD ratio, and įcr, Struc.(T ) and į cr (T - ǻTPD) are the critical CTOD of the structural component at 
the service temperature, T, and the material CTOD toughness at the reference temperature of T - ǻTPD, respectively. 
In WES 2808, ȕ is evaluated with m = 20 and YR = 0.6. A low YR of 0.6 is selected in consideration of the 
Bauschinger effect during cyclic loading. The use of a low YR results in a conservative fracture assessment. Fig. 6 
shows ȕ for CSCP, ESCP and ETCP under m = 20 and YR = 0.6 as a function of the crack size. 
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                                                              (a) CSCP and ESCP                                                                (b) ETCP 
Fig. 6. Crack length dependence of equivalent CTOD ratio, ȕ, under m = 20 and YR = 0.6. 
3.6. Fracture assessment procedure 
The assessment procedure in WES 2808 is summarized as: 
1) Input the macro pre-strain, İskel., and macro strain rate, e macro, under cyclic loading. 
2) Calculate the local pre-strain, İpre, and local strain rate, e local, by Eq. (2) with the strain concentration factor, Kİ, 
for the target area of fracture. 
3) Determine the temperature shift, ǻTPD, under seismic loading by Eq. (3). 
4) Measure the CTOD fracture toughness, įcr , at the reference temperature of T - ǻTPD. 
5) Determine the equivalent CTOD ratio, ȕ, for the target component, referring to Fig. 6. 
6) Correct the CTOD toughness, įcr , for constraint loss to lead to įcr, Struc. (T ) = į cr (T - ǻTPD) / ȕ. 
7) Estimate the local strain at fracture, ef, local, by substituting įcr, Struc.(T) to Eq. (1). 
8) Get the fracture macro strain, ef, macro, from the local fracture strain: ef, macro = ef, local/ Kİ. 
4. Fracture assessment of beam-to-column subassemblies 
A series of full-scale tests of beam-to-column subassemblies were carried out. The steel used was a low 
toughness H-section steel of 490 MPa strength class with the Charpy absorbed energy of 20 ~ 30 J at 0 °C. The 
component configuration is shown in Fig. 7. Various details of connection were examined with conventional and 
advanced types of the weld access hole at the beam end. Cyclic loading was applied at 0 °C. Some tests were carried 
out dynamically at a macro strain rate in the order of 0.1/s at the beam end. Since the H-section steel used had a low 
toughness, the brittle fracture occurred at the bottom of the access hole or from the weld toe near weld start/end area 
of the beam-to-column joints. The detail of the full-scale test results is given in the previous paper by Minami et al. 
(2007) along with the fracture toughness test results for the beam flange, weld HAZ (heat-affected zone) and the 
weld metal in a temperature range of 0 to -80 °C. 
The fracture macro strain, ef, macrol, at the beam end in the connection zone was assessed by WES 2808. Fig. 8 
compares the fracture macro strains estimated and measured in the tests. Broken lines correspond to the scatter range 
of the CTOD fracture toughness measured. A good agreement between ef, macro estimated and measured is obtained. 
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                             Fig. 7. Beam-to-column subassemblies.               Fig.8. Fracture strains at beam end measured and estimated by WES 2808. 
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